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Binary mixtures composed of room-temperature ionic liquids and aprotic dipolar solvents are widely used in
the modern electrochemistry. While these systems exhibit maximum electroconductivity and other changes in
diluted solutions, as confirmed by NMR and vibrational spectroscopic data, there is currently no theory that can
fully explain these phenomena. In current work twelve mixtures of ionic liquids (ILs), in particular 1-butyl-3-
methylimdazolium (C4mim+) with tetrafluoroborate (BF4

-), hexafluorophosphate (PF6
-), trifluoromethanesulfonate

(TFO-) and bis(trifluoromethane)sulfonimide (TFSI-) with molecular solvents such as acetonitrile (AN), propylene
carbonate (PC) or gamma butyrolactone (γ-BL) were studied by the molecular dynamics simulation technique.
The local structure of the mixtures was studied in the framework of radial distribution functions (RDFs) and
running coordination numbers (RCNs) that showed the particular behavior in AN and TFSI- systems. For TFSI-

system the presence of two peaks on the RDFs with similar intensities were observed. The mutual arrangement
of  cation and anion corresponding to  observed on the RDFs interatomic distances were investigated:  they
represent the position when the nitrogen atom of the anion is close to the imidazolium ring and when nitrogen
atom  of  TFSI-  not  directly  interacting  with  the  ring,  but  instead  the  oxygen  atoms  do.  The  cation-anion
coordination numbers changed for mixtures with AN from ~1.2 to ~3.6, for PC – from 0.6 to 3.0 and for γ-BL –
from 0.8 to 3.1 with the increasing mole fraction of the ILs. Also, the association analysis was conducted using
two different distance criteria. The results showed the formation of large clusters at approximately 0.15, 0.20,
and 0.25 IL mole fractions for AN, PC, and γ-BL, respectively, based on the first criterion. However, this criterion
tends to overestimate the extent of  aggregation.  In contrast, the second, stricter criterion indicates that the
formation of large aggregates begins at IL mole fractions similar to where the experimental conductivity curves
reach their maximum. To analyze the transport properties the diffusion coefficients of all the components and
shear viscosity for all  binary mixtures were obtained.  The diffusion coefficients show good agreement  with
experimental data.

Keywords:  1-butyl-3-methylimdazolium, ionic  liquids, aprotic  dipolar  solvents,  local  structure,  transport
properties, ionic aggregation

Introduction

Ionic liquid (IL) mixtures with molecular solvents can be considered as electrolyte solutions, for
which their structure and properties are determined by the balance of types of interactions between all
particles in the solution (cation, anion and solvent), which determine the existence of ionic associates
and high-order aggregates . In this context, the main feature of binary systems based on IL is that the
constituent ions are polyatomic and, as a rule, asymmetric. As a result, the interactions mentioned
above should be considered as anisotropic, having a predominant localization around some molecular
fragment  (center  of  interaction)  .  Another  important  feature  of  these systems in comparison with
ordinary solutions of electrolytes is  the complete miscibility of IL with many molecular solvents,
which makes it possible to obtain mixtures corresponding to either a solution of such a liquid in a
molecular solvent or a solution of a molecular solvent in an ionic liquid.

Intermolecular  interactions  in  mixtures  of  two liquids  of  different  nature  can  be  showed  as  a
gradual  transition  from  the  “first  pure  liquid”  to  the  “second  pure  liquid”  through  intermediate
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Molecular dynamics study of imidazolium ionic liquids and molecular solvents ...

compositions.  Thus,  the  task boils  down to  the  following question:  which ranges  of  composition
correspond to the above-mentioned areas, and which intermolecular interactions are decisive .

For pure ILs, there is currently no generally accepted picture of their structure due to the indirect
nature of the methods used. It is widely believed that in the liquid state the structure of imidazolium
ionic liquids is determined by strong interionic Coulomb interactions, which are relatively effectively
shielded  away  from  the  central  ion  (i.e.,  are  quite  local).  It  is  also  assumed  that  a  significant
contribution is made by the three-dimensional network of hydrogen bonds between counterions . The
strength and structure of this network are determined by the nature (polarizability, polarizing action,
size, etc.) of the anion .

The above-mentioned considerations about the structure of pure components indicate the pres-
ence of two main phenomena in which a redistribution of the equilibrium between possible ion-ion,
ion-molecular and intermolecular interactions can be manifested when the composition changes. These
are ionic association and ionic solvation .

These phenomena can be explained as the gradual breakdown of large ionic aggregates, which are
the fundamental structural units of pure ionic liquids, into smaller aggregates and eventually into ion
pairs. This process occurs as the system transitions from a concentrated ionic liquid to a more dilute
solution. In dilute solutions, ion pairs completely dissociate into "free" ions due to interactions with
the solvent. These interactions can be specific, involving localized ion-molecular interactions, or non-
specific, resulting from the presence of a large amount of solvent that creates an environment similar
to that of a pure solvent. .

The phenomena of ionic association and solvation are manifested at the microscopic level in the
redistribution of electron density in the corresponding areas of interaction and, therefore, in changes in
the corresponding force constants. Among the currently known experimental methods that can detect
such effects, NMR  and vibrational (IR and Raman) spectroscopy  should be singled out. The first can
reveal information about the change in the electronic microenvironment of each chemically non-equiv-
alent nucleus and the relative location for some nuclei, while the second investigates changes in the
constants of the dipole moment, polarizability, changes in the microenvironment of atoms participat-
ing in the studied vibrational mode .

The association and solvation are also reflected in the “statistical” microstructure of such binary
mixtures.  Currently,  only  various  methods  of  diffraction  of  X-rays  and  neutrons  can  provide
experimental data on the such microstructure in different time and size scales. Also, they are quite
expensive and not always available, as well as difficult from the point of view of data processing. As
well, usually there is only one IL-solvent system under investigation  which means that the approach
for studying such objects should be wider and more universal. Molecular dynamics (MD) simulation
can help solve these problems, and this method can also complete the picture with information not
available from experiment .

In this work MD simulation of twelve mixtures of ILs (1-butyl-3-methylimdazolium (C4mim+) with
tetrafluoroborate  (BF4

-),  hexafluorophosphate  (PF6
-),  trifluoromethanesulfonate  (TFO-)  and

bis(trifluoromethane)sulfonimide  (TFSI-))  with  molecular  solvents  (acetonitrile  (AN),  propylene
carbonate  (PC)  or  gamma  butyrolactone  (-BL)) of  six  IL  mole  fractions  were  performed.  The
molecular structures of the objects are presented at Figure 1. The microstructure, clusterization and,
finally, the transport properties of the systems have been studied.

Figure 1. Structure of the ions and molecular solvents considered in this study
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Methodology

Details of molecular dynamics simulation. MD simulations have been performed at the temperature
of 298.15 K. To set the size of the cubic simulation box, a short (i.e., 1 ns) run has been performed on
the  isothermal-isobaric  NPT ensemble  at  1 bar.  All  simulations  have  been  carried  out  using  the
GROMACS 2019.4 software package . The temperature and the pressure have been kept constant by
means of the velocity-rescaling thermostat   with the relaxation time of 0.1 ps,  and the Berendsen
barostat  with the relaxation time of 0.5 ps, respectively. Equations of motion have been integrated
using the leap-frog algorithm with a time-step of 0.5 fs. All interactions have been truncated to zero
beyond the center-center cut-off distance of 1.2 nm. The long-range part of the electrostatic interaction
has  been  accounted  for  by  the  particle  mesh  Ewald  method  ,  while  that  of  the  Lennard-Jones
interaction  has  been  treated  by  the  conventional  shifted  force  technique.  The  Lennard-Jones
parameters  corresponding to  unlike pairs  of  atoms have been calculated by the standard Lorentz-
Berthelot combination rules . After equilibrating the systems in the  NPT ensemble, simulations of
10 ns have been performed in the  NVT ensemble using the equilibrium density obtained from the
constant  pressure  run.  Each set  of  systems was simulated five times,  starting from independently
generated random configurations. These parallel calculations were then used to average the data for all
structural and transport properties. The last 1 ns of the trajectories from these simulations were used
for detailed structural analyses, while the full 10 ns trajectories were utilized for calculating transport
properties.

The simulations of the binary mixtures (total of twelve systems) of four ILs of C4mim+ cation with
different anions (BF4

-, PF6
-, TFO- and TFSI-) in three aprotic dipolar molecular solvents (AN, PC and

γ-BL) have been performed. Six different compositions of the mole fraction of the ILs from 0.05 to
0.30 for  each binary mixture  were selected in  a  way that  the  total  number  of  ion pairs  for  each
composition was always equal to 100. The number of the different particles of the ILs in the simulated
systems are collected in Table 1.

Table 1. Composition of the systems simulated.
IL mole fraction Number of cations Number of anions Number of solvent

molecules
0.05

100 100

1900
0.10 900
0.15 566
0.20 400
0.25 300
0.30 232

The ILs have been described by the potential model of Mondal and Balasubramanian  [38-39],
while  for  the  solvent  molecules  the  potential  model  of  Koverga  et  al.  [40-41] has  been  used.
According to classical MD formalism, these potential models have the following functional form of
the total potential energy:
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where k is the force constant for bond stretching (r), angle bending (θ), torsion (ϕ), respectively, ε and
σ are  the  Lennard-Jones  energy  and  the  distance  parameters,  respectively,  and  q stands  for  the
fractional charges of the interaction sites. For torsion angle 180o

ijkl ijkl   . Indices i,  j,  k and l run
through the interaction sites of the particles, while the subscript ‘0’ refers to the equilibrium value of
the bond lengths and angles. The potential model of ILs can be regarded a refinement of the CLaP
force field  [42-44].  Thus,  while  the  bond and angle  parameters  have  been  retained,  the  torsional
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parameters have been adapted to the Ryckaert-Bellemans analytical expression . Further, the charge
distribution of the ions has been optimized in order to improve the agreement with the experimental
thermodynamic and transport properties of the studied ILs. Thus, the ions of the IL carry a net charge
that depends on the anion [38-39]. The potential models used here were previously validated by their
ability of reproducing the basic experimental physicochemical properties of the systems [38-39].

Aggregate analysis. To study the association of ions, it is essential to establish a criterion by which
two ions can be considered part of the same aggregate, cluster,  or associate. Such a criterion was
proposed in different works [46-47] as the distance between coordination centers of respective ions.
Thus, two ions were considered to belong to the same associate if their respective centers are located
at the equal or lower distance that was chosen as a criterion from each other .

After the definition of the criterion, the neighbor list of each cation and anion was determined for
each configuration during the simulation at each timestep. The obtained neighbor list was later used to
establish  the  connectivity  between  ions  in  the  system.  Important  to  note  that  mainly  differently
charged ions are coordinating around each other (anions around cations and vice versa). This means
that  the  resulting clusters  are  constructed from the ions  of  altering charge that  have the distance
between them that fulfill the determined criterion.

Finally, the statistical analysis was applied to determine the characteristics of clusters. One of such
statistical  functions  can be a  size  distribution of  the  aggregates  P(n).  It  shows the probability  of
finding an ion in an aggregate of size n:
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where An(j) is the number of aggregates of size n for a given configuration j, C is the total number of
configurations acquired during the simulation, N is the total number of cations and anions combined in
the simulation box.

To better represent the results of the clusterization the average number of association  n  can be
obtained. In general case, one can calculate it as follows:
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Aggregate analysis has been performed by AGGREGATES 3.2.0 software package .

Transport properties. The coefficient of translational self-diffusion of atoms (molecules, ions) in a
liquid can be found using the Green-Kubo relation:
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For the viscosity a nonequilibrium periodic perturbation method has been used . To sum it up,
molecular  dynamic  simulation  is  carried out  in  the  3D periodic  cell  with  the  external  force in  x
direction a(z). According to the Navier-Stokes’s equation:
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where u is the velocity of the liquid, p is pressure of the fluid, ρ is the density of the fluid, t is time, η is
viscosity. Because force is applied only in the x direction, the velocity along y and z will be zero:
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The velocity profile as well as acceleration should be periodic because of the periodic system in the
simulations. Thus, the cosine function can be used for this purpose:
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where lz is the height of the box,  is the acceleration amplitude of the external force. The viscosity
then can be obtained:

2
.

V k

 
 (9)

The measured viscosity  greatly  depends on the parameter  .  To obtain the  viscosity  at  zero
acceleration few viscosities for different accelerations should be obtained. Then plotting the viscosities
versus the amplitudes allows to obtain shear viscosity for =0 via extrapolation.

Results and discussion

Structural  properties. With  the  aim  to  study  the  cation-anion  interaction,  the  interionic  radial
distribution  functions  (RDFs)  and  running  coordination  numbers  (RCNs)  of  IL-solvent  binary
mixtures were analyzed.  To fully  consider  these interactions the respective atoms for  cations  and
anions  should  be  chosen.  Also,  these  points  in  space  need  to  take  into  consideration  all  the
coordination centers of  cations  and anions at  once.  For  the  C4mim+ ,  the most  positive  charge is
localized at the hydrogen sites around the imidazolium ring. Given this fact the center of the ring
(CoR) is usually chosen as a reference point for the analysis [51-53]. Due to different structure, shape
and symmetry of the anions their positions (X) for the analysis will be the follows: B atom in BF4

-, P
atom in PF6

-, middle of the C-S bond in TFO- (takes into account both O and F coordination sites) and
N atom in TFSI- (takes into account N, O and F coordination sites).

The interionic RDFs for all  IL-solvent binary mixtures for all  simulated systems are shown in
Figure 2.

Here the similar curves were obtained for all IL mole fractions, meaning the positions of the
peaks and minima do not depend on the concentration of the IL. Furthermore, their positions do not
vary at all for the same IL in different solvents. The first maxima for various anions occur at 0.49 nm
(BF4

-), 0.51 nm (PF6
-) and 0.52 nm (TFO-). For the TFSI- anion the situation is more complicated as

there are two peaks at relatively low distances, 0.44 nm and 0.62 nm respectively. Also, these peaks
have lower intensity comparing to other ILs. The first maximum in this case corresponds to the CoR-N
interaction when N atom is located directly near the center of the ring or the H-atoms of the ring (the
distances in both cases are similar). At the same time the second peak indicates the CoR-N interaction
when N atom of TFSI- not directly interacting with the ring, but instead the oxygen atoms do. The
example snapshot from the MD simulation trajectory files was obtained via VMD program package
(Figure 3). These findings prove the quantum chemical calculations from the literature data . The first
minima of RDFs for various anions are as follows: 0.70 nm (BF4

-), 0.74 nm (PF6
-), 0.73 nm (TFO-) and

0.77 nm (TFSI-). The behavior of the intensities of the peaks also changes in different ILs-solvent
combinations. For all systems with AN the intensity becomes lower with the increasing of the ILs
mole fraction. Also, for TFSI- system these changes are the lowest. Similar situation can be observed
for all PC-containing systems where peak intensity do not change with the mole fraction of the ILs.
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Figure 2. Cation-anion (CoR-X) radial distribution functions of the mixtures at various mole fraction
of ionic liquid. The position of the cation is described with center of imidazolium ring. The positions
of anions (X) are: B atom in BF4

-, P atom in PF6
-, middle of the C-S bond in TFO- and N atom in

TFSI-. The vertical dashed and dotted lines correspond to the first and criterion, respectively, for
aggregation analysis.

Figure 3. Example of (C4mim(TFSI)2)- associate in one of the C4mimTFSI system

The RCNs  between  cations  and anions  for  all  IL-solvent  binary  mixtures  for  all  the  systems
simulated are presented in Figure 4.
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Figure  4.  Cation-anion  (CoR-X)  running  coordination  numbers  of  the  mixtures  at  various  mole
fraction of ionic liquid. The position of the cation is described with center of imidazolium ring. The
positions of anions (X) are: B atom in BF4

-, P atom in PF6
-, middle of the C-S bond in TFO- and N

atom  in  TFSI-.  The  vertical  dashed  and  dotted  lines  correspond  to  the  first  and  second  criteria
respectively, used for aggregation analysis.

The expected increase of the coordination number of the anion around the cation with the IL mole
fraction increase can be observed at all of the graphs. The values of the coordination numbers however
depend on the solvent. E.g., for AN it varies from ~1.2 (0.05 mole fraction of IL) to ~3.6 (0.30 mole
fraction of IL), for PC – from 0.6 to 3.0 and for -BL – from 0.8 to 3.1 for all ILs. The coordination
numbers of AN system being the biggest indicate the lowest among other solvent molecules dipole
moment and as a result the weakest ion-solvent interaction in these systems, meaning with the ILs
fraction  increase  the  AN  molecules  are  actively  replaced  with  the  anions  in  the  cation  first
coordination sphere. Also, in the case of all TFSI - systems the curves values do not increase until at
bigger distances.

Aggregate analysis. The ionic aggregates existence was analyzed via two different criteria. First
criterion is the first minimum on the cation-anion RDF (Figure 2). This distance shows the border for
the first coordination sphere where all of the anions are in strong interaction with the C4mim+ cation.
As  a  second  criterion  the  minimum  on  the  second  derivative  of  the  RCN  curve  was  proposed
(Figure 5). 
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Figure  5.  Second  derivatives  of  the  cation-anion  (CoR-X)  running  coordination  numbers  of  the
mixtures at various mole fraction of ionic liquid. The position of the cation is described with center of
imidazolium ring. The positions of anions are: B atom in BF4

-, P atom in PF6
-, middle of the C-S bond

in TFO- and N atom in TFSI-.

This minimum marks the point where the RCN curve transitions to a plateau following an initial
rapid increase. It is slightly shifted from the first peak in the RDF, or the second peak in systems
containing the TFSI- anion, as explained in the previous section. The values of the distances for this
criterion are next: 0.53 nm (BF4

-), 0.56 nm (PF6
-), 0.57 nm (TFO-) and 0.69 nm (TFSI-).

The results of the clusters formation probability for all mixtures of all mole fractions can be found
in Figures 6-17 for the first and second criteria respectively.

Figure 6. Probability distributions of aggregate sizes with first (left) and second (right) criterion of the
C4mimBF4 in AN binary mixture at various mole fraction of ionic liquid.
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Figure 7. Probability distributions of aggregate sizes with first (left) and second (right) criterion of the
C4mimBF4 in PC binary mixture at various mole fraction of ionic liquid.

Figure 8. Probability distributions of aggregate sizes with first (left) and second (right) criterion of the
C4mimBF4 in -BL binary mixture at various mole fraction of ionic liquid.

Figure 9. Probability distributions of aggregate sizes with first (left) and second (right) criterion of the
C4mimPF6 in AN binary mixture at various mole fraction of ionic liquid.
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Figure 10. Probability distributions of aggregate sizes with first (left) and second (right) criterion of
the C4mimPF6 in PC binary mixture at various mole fraction of ionic liquid.

Figure 11. Probability distributions of aggregate sizes with first (left) and second (right) criterion of
the C4mimPF6 in -BL binary mixture at various mole fraction of ionic liquid.

Figure 12. Probability distributions of aggregate sizes with first (left) and second (right) criterion of
the C4mimTFO in AN binary mixture at various mole fraction of ionic liquid.
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Figure 13. Probability distributions of aggregate sizes with first (left) and second (right) criterion of
the C4mimTFO in PC binary mixture at various mole fraction of ionic liquid.

Figure 14. Probability distributions of aggregate sizes with first (left) and second (right) criterion of
the C4mimTFO in -BL binary mixture at various mole fraction of ionic liquid.

Figure 15. Probability distributions of aggregate sizes with first (left) and second (right) criterion of
the C4mimTFSI in AN binary mixture at various mole fraction of ionic liquid.

16



Molecular dynamics study of imidazolium ionic liquids and molecular solvents ...

Figure 16. Probability distributions of aggregate sizes with first (left) and second (right) criterion of
the C4mimTFSI in PC binary mixture at various mole fraction of ionic liquid.

Figure 17. Probability distributions of aggregate sizes with first (left) and second (right) criterion of
the C4mimTFSI in -BL binary mixture at various mole fraction of ionic liquid.

The aggregates increase in size with the increasing of the IL mole fraction for each system. The
small clusters are dominating in the most diluted systems when using the first criteria. As the mole
fraction of IL increases up to 0.10 for AN mixtures, 0.15 for PC mixtures, and 0.20 for -BL mixtures,
transition systems are formed in which a large number of aggregates of different types are present.
With the further increase of mole fraction of the ILs all the systems start to form large aggregates that
include most of the ions in the mixture can be observed. The existence of such huge continuous polar
network, however, still allows small clusters or even isolated ions to exist in systems. Most probably
these  small  aggregates  lose  the  connectivity  with  the  huge  cluster,  but  their  low probabilities  of
formation  prove  that  it  is  a  temporary  phenomenon.  At  the  highest  observed  concentration,
nevertheless, the ions are part of one massive associate.

It  shows  that  at  the  first  distance  criterion  (minimum on  the  interionic  RDF)  the  aggregate
formation is overestimated in the mixture as there are no charge carriers left in this case and thus there
should be no conductivity at these mole fraction of the ILs. However, the experimental results show
otherwise [55-58].

As for the second criteria, it shows that transition to the massive association occurs only at the
highest IL mole fraction of 0.30 (for TFSI- – at 0.20-0.25). However, for the binary mixtures with AN
the tendency for larger clusters formation appears at lower IL mole fraction compared to PC and -BL
mixtures. This shows that AN demonstrates a weaker ion-solvent interaction, allowing ions at lower
concentration form a continuous polar network regardless of the chosen criteria.
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To better illustrate the clusterization processes the average numbers of associations were obtained
for  all  systems (Figure 18).  The figure displays in more compact  way the same results  that  were
discussed earlier. Here for the first criterion ions in AN systems form massive aggregates at 0.15 mole
fraction of ILs already, in  -BL and PC mixtures – at 0.20 and 0.25 respectively. For the second
criterion the ions  in  the  systems are  separated from each other  or  forming small  aggregates  until
~0.15-0.20 mole fraction of the ILs. After that value of mole fraction ILs in mixtures tend to form
bigger aggregates. For the BF4

-,  PF6
- and TFO- in PC this trend is not so pronounced. The massive

aggregation  process  occurs  only  in  TFSI- systems  for  the  second  criterion  and  only  at  highest
concentration of 0.30. The AN systems at this concentration at the transition stage, however for the
C4mimTFSI in AN mixture almost all ions are part of the big associate even at the mole fraction of ILs
of 0.25.

Figure 18. Average numbers of association with first minima on the RDFs (1st criteria) and with the
minima on the second derivative on the RCN (2nd criteria) of the mixtures at various mole fraction of
ionic liquid.

Nernst-Einstein relation postulates that conductivity depends on the concentration of the charge
carriers in the solution : 

 
2

2 2

B

e
N z D N z D

Vk T
       (10)

where e is the elementary charge, kB – Boltzmann constant, V – volume of the system, T – temperature 
of the system, z± – charge of the ion, N± – number of cations and anions.

Ionic aggregation reduces its concentration and effectively causes the drop in the conductivity
value. As seen from the Figure 18, the mole fractions of rapid increase in the aggregates formation are
the same as the conductivity maxima are located: at ~0.10 for AN systems and at ~0.20 for PC and -
BL ones [55-58].

Transport properties. The diffusion coefficients and shear viscosities were obtained for all the IL
mole fractions for all systems. The results are presented at Figures 19 and 20 respectively.
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Figure 19. Diffusion coefficients for cation, anions and solvent molecules in comparison with the experimental
data  of the mixtures at various mole fraction of ionic liquid.

The  diffusion  coefficients  were  compared  to  the  experimental  data  for  cations  and  solvent
molecules (and also for anions for the systems with PF6

-) .  For the binary mixtures with AN the
obtained coefficients are very close to the experimental ones for all of the components of the analysis.
For the systems with PC and -BL the obtained diffusion coefficients have in general higher values
comparing to the experiment by 20%, especially for the higher concentrations.

For all systems the diffusion coefficients of the solvent molecules are higher than of the cation or
anions, while the latter are close to each other for almost all systems and IL mole fractions. Also, the
coefficients of the components in the systems with AN molecules are 3-5 times higher than with other
two solvent molecules. For all PC systems the general trend is almost similar diffusion coefficient for
anion and solvent molecule. For the C4mimBF4 in PC simulated system the anion diffusion coefficient
is even higher in the most diluted solution. On the other hand, this behavior cannot be observed in the
experimental data.

Figure 20. Viscosities of the mixtures at various mole fraction of ionic liquid

The viscosities  at  Figure 20 are  increasing  with  the  IL mole  fraction increase by  a  non-linear
dependance. Although, the values for all systems do not show any drastic changes at respective mole
fractions where the experimental conductivity has maximum.

As the Nernst-Einstein relation shows (Equation 10), not only concentration of the charge carriers
influence the conductivity but the diffusion coefficients as well . The behavior of calculated diffusion
coefficients from the simulation for ions is in agreement with this statement.
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Conclusions

In current  work twelve ILs (C4mim+ with BF4
-,  PF6

-,  TFO- and TFSI-) with molecular solvents
(acetonitrile,  propylene carbonate, and gamma butyrolactone) binary mixtures were studied by the
molecular dynamics simulation technique.

The microstructure of the mixtures was studied in the framework of radial distribution functions
and running coordination numbers. The RDFs and RCNs show the particular behavior in AN and
TFSI- systems.  For TFSI- system the cation-anion (CoR-N) RDFs curves showed two peaks with
similar intensities. It was shown that they represent the position when the nitrogen atom of the anion is
close to the imidazolium ring and when nitrogen atom of TFSI- not directly interacting with the ring,
but instead the oxygen atoms do. The cation-anion coordination numbers changed in similar values for
the same ionic liquids in different solvents: for AN it varies from ~1.2 to ~3.6, for PC – from 0.6 to
3.0 and for -BL – from 0.8 to 3.1 with the increasing mole fraction of the ILs. Also, data obtained
were  used  to  conduct  a  quantitative  aggregate  analysis  with  two  different  distance  criteria  (first
minimum of RDF and minimum of the second derivative of the RCN respectively) to compare the
results with each other. The analysis with the first criterion shows the formation of the massive cluster
at ~0.15, 0.20 and 0.25 IL mole fraction for AN and for with -BL respectively. Thus, this criterion
seems to overrate the aggregation process in the mixtures. With the second, shorter distance criterion
the formation of big aggregates in the systems starting to occur at the same mole fractions of the ILs
where the experimental conductivity curves change their behavior and the maximum occurs. It proves
that the reason of such drastic changes in the conductivity particular lies in the local structure of the
ILs and solvent molecules.

To evaluate the transport properties, we obtained the diffusion coefficients for all components and
the shear viscosity for all binary mixtures. The diffusion coefficients closely align with experimental
data, demonstrating excellent accuracy, particularly for systems containing AN. Although the viscosity
measurements did not reveal any distinct trends at the mole fraction range of ILs corresponding to the
experimental  conductivity  maximum,  these  findings  provide  valuable  insights  into  the  complex
interactions within these mixtures.
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Бінарні суміші, що складаються з іонних рідин при кімнатній температурі та апротонних диполярних
розчинників,  широко  використовуються  в  сучасній  електрохімії.  Хоча  ці  системи  демонструють
максимуми електропровідності та інші особливості в розведених розчинах, підтверджені даними ЯМР і
вібраційної  спектроскопії,  на  сьогоднішній  день  відсутня  теорія,  яка  могла б  пояснити  ці  явища.  У
даній роботі методом молекулярно-динамічного моделювання досліджено дванадцять сумішей іонних
рідин  (ІР)  зокрема  1-бутил-3-метилімдазолію  (C4mim+)  з  тетрафлуорборатом  (BF4

-),
гексафлуорфосфатом (PF6

-),  трифлуорметансульфонатом (TFO-) і  біс(трифлуорметан)сульфонімідом
(TFSI-)),  у поєднанні з молекулярними розчинниками,  такими як ацетонітрил (AN),  пропіленкарбонат
(PC) або гамма-бутиролактон (-BL). Локальну структуру сумішей досліджували за допомогою функцій
радіального  розподілу  (ФРР)  та  поточних  координаційних  чисел  (ПКЧ),  що  виявили  особливості
поведінки в системах з AN та TFSI -. Для системи з TFSI - спостерігалися два піки на ФРР з однаковою
інтенсивністю. Було досліджено взаємне розташування катіонів та аніонів, яке відповідає міжатомним
відстаням,  що  спостерігаються  на  ФРР:  вони  відображають  конфігурації,  коли  атом  азоту  аніону
знаходиться  поблизу  імідазолієвого  кільця,  і  коли  атом  азоту  TFSI - безпосередньо  не  взаємодіє  з
кільцем,  натомість  це  роблять  атоми  кисню.  Катіон-аніонні  координаційні  числа  змінювалися  для
сумішей з  AN від ~1,2 до ~3,6,  для  PC – від 0,6 до 3,0 та для  -BL – від 0,8 до 3,1 зі  збільшенням
молярної частки ІР. Крім того, аналіз асоціації був проведений з використанням двох різних критеріїв
відстані. Результати показали утворення великих кластерів при приблизно 0,15, 0,20 та 0,25 мольних
частках іонної рідини для AN, PC та -BL відповідно, на основі першого критерію. Однак цей критерій
має  тенденцію  переоцінювати  ступінь  агрегації.  На  відміну  від  нього,  другий,  суворіший  критерій
вказує, що утворення великих агрегатів починається при мольних частках іонної рідини, подібних до
тих,  де  експериментальні  криві  провідності  досягають  максимуму.  Для  аналізу  транспортних
властивостей  були  отримані  коефіцієнти  дифузії  всіх  компонентів  та  в'язкість  для  всіх  бінарних
сумішей. Коефіцієнти дифузії добре узгоджуються з експериментальними даними.

Ключові  слова:. 1-бутил-3-метилімдазолій,  іонні  рідини,  апротонні  диполярні  розчинники,
локальна структура, транспортні властивості, іонна агрегація
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	Here the similar curves were obtained for all IL mole fractions, meaning the positions of the peaks and minima do not depend on the concentration of the IL. Furthermore, their positions do not vary at all for the same IL in different solvents. The first maxima for various anions occur at 0.49 nm (BF4-), 0.51 nm (PF6-) and 0.52 nm (TFO-). For the TFSI- anion the situation is more complicated as there are two peaks at relatively low distances, 0.44 nm and 0.62 nm respectively. Also, these peaks have lower intensity comparing to other ILs. The first maximum in this case corresponds to the CoR-N interaction when N atom is located directly near the center of the ring or the H-atoms of the ring (the distances in both cases are similar). At the same time the second peak indicates the CoR-N interaction when N atom of TFSI- not directly interacting with the ring, but instead the oxygen atoms do. The example snapshot from the MD simulation trajectory files was obtained via VMD program package (Figure 3). These findings prove the quantum chemical calculations from the literature data . The first minima of RDFs for various anions are as follows: 0.70 nm (BF4-), 0.74 nm (PF6-), 0.73 nm (TFO-) and 0.77 nm (TFSI-). The behavior of the intensities of the peaks also changes in different ILs-solvent combinations. For all systems with AN the intensity becomes lower with the increasing of the ILs mole fraction. Also, for TFSI- system these changes are the lowest. Similar situation can be observed for all PC-containing systems where peak intensity do not change with the mole fraction of the ILs.
	
	Figure 2. Cation-anion (CoR-X) radial distribution functions of the mixtures at various mole fraction of ionic liquid. The position of the cation is described with center of imidazolium ring. The positions of anions (X) are: B atom in BF4-, P atom in PF6-, middle of the C-S bond in TFO- and N atom in TFSI-. The vertical dashed and dotted lines correspond to the first and criterion, respectively, for aggregation analysis.
	
	Figure 3. Example of (C4mim(TFSI)2)- associate in one of the C4mimTFSI system
	The RCNs between cations and anions for all IL-solvent binary mixtures for all the systems simulated are presented in Figure 4.
	
	Figure 4. Cation-anion (CoR-X) running coordination numbers of the mixtures at various mole fraction of ionic liquid. The position of the cation is described with center of imidazolium ring. The positions of anions (X) are: B atom in BF4-, P atom in PF6-, middle of the C-S bond in TFO- and N atom in TFSI-. The vertical dashed and dotted lines correspond to the first and second criteria respectively, used for aggregation analysis.
	Aggregate analysis. The ionic aggregates existence was analyzed via two different criteria. First criterion is the first minimum on the cation-anion RDF (Figure 2). This distance shows the border for the first coordination sphere where all of the anions are in strong interaction with the C4mim+ cation. As a second criterion the minimum on the second derivative of the RCN curve was proposed (Figure 5).
	
	The results of the clusters formation probability for all mixtures of all mole fractions can be found in Figures 6-17 for the first and second criteria respectively.
	Figure 17. Probability distributions of aggregate sizes with first (left) and second (right) criterion of the C4mimTFSI in -BL binary mixture at various mole fraction of ionic liquid.
	Nernst-Einstein relation postulates that conductivity depends on the concentration of the charge carriers in the solution :
	(10)
	Ionic aggregation reduces its concentration and effectively causes the drop in the conductivity value. As seen from the Figure 18, the mole fractions of rapid increase in the aggregates formation are the same as the conductivity maxima are located: at ~0.10 for AN systems and at ~0.20 for PC and -BL ones [55-58].
	Figure 19. Diffusion coefficients for cation, anions and solvent molecules in comparison with the experimental data of the mixtures at various mole fraction of ionic liquid.
	Figure 20. Viscosities of the mixtures at various mole fraction of ionic liquid
	As the Nernst-Einstein relation shows (Equation 10), not only concentration of the charge carriers influence the conductivity but the diffusion coefficients as well . The behavior of calculated diffusion coefficients from the simulation for ions is in agreement with this statement.
	Conclusions
	To evaluate the transport properties, we obtained the diffusion coefficients for all components and the shear viscosity for all binary mixtures. The diffusion coefficients closely align with experimental data, demonstrating excellent accuracy, particularly for systems containing AN. Although the viscosity measurements did not reveal any distinct trends at the mole fraction range of ILs corresponding to the experimental conductivity maximum, these findings provide valuable insights into the complex interactions within these mixtures.

